Although hippocampal neurogenesis has been described in many adult mammals, the functional impact of this process on physiology and behavior remains unclear. In the present study, we used two independent methods to ablate hippocampal neurogenesis and found that each procedure caused a limited behavioral deficit and a loss of synaptic plasticity within the dentate gyrus. Specifically, focal X irradiation of the hippocampus or genetic ablation of glial fibrillary acidic protein-positive neural progenitor cells impaired contextual fear conditioning but not cued conditioning. Hippocampal-dependent spatial learning tasks such as the Morris water maze and Y maze were unaffected. These findings show that adult-born neurons make a distinct contribution to some but not all hippocampal functions. In a parallel set of experiments, we show that long-term potentiation elicited in the dentate gyrus in the absence of GABA blockers requires the presence of new neurons, as it is eliminated by each of our ablation procedures. These data show that new hippocampal neurons can be preferentially recruited over mature granule cells in vitro and may provide a framework for how this small cell population can influence behavior.
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long-term potentiation ͉ learning ͉ memory N ew neurons are born in the dentate gyrus (DG) of the hippocampus throughout the life of mammals (1) and derive from dividing progenitor cells located in the innermost part of the granule cell layer, a region called the subgranular zone. Young granule neurons integrate into the existing circuitry of the hippocampus, as evidenced by the development of functional synaptic inputs provided by the medial perforant path (MPP) and growth of axons to target cells in CA3 (2) . Although a variety of environmental and pharmacological manipulations can affect neurogenesis (2, 3) , it is unclear whether adult-born neurons provide a significant contribution to hippocampal function and, ultimately, how it might impact behavior.
Recent studies have shown that various strategies to disrupt neurogenesis produce a limited impairment in some hippocampaldependent learning and memory tasks and in responses to antidepressant drugs (4) (5) (6) (7) (8) (9) (10) (11) . Unfortunately, the lack of spatial and cellular specificity provided by most ablation techniques has made it difficult to ascertain whether the consequent behavioral effects were caused by ablation of neurogenesis or other impairments. To circumvent these problems we have used two independent strategies of ablation. The first is a previously reported x-ray procedure that differs from similar methods in two ways: (i) the x-ray administration is restricted to a fraction of the brain containing the hippocampus and spares neurogenesis in the neighboring subventricular zone; and (ii) mice are allowed to recover for 3 months before testing to allow for the disappearance of markers of inflammation, such as reactive microglia (9) . The second method of ablation is a genetic strategy that directly targets dividing progenitors throughout the brain and avoids potential radiation-induced side effects. Therefore, the two strategies are complementary: irradiation affords spatial but not cellular specificity, whereas genetic ablation is specific to progenitor cells, but impacts both neurogenic regions of the brain.
Using these strategies, we examined whether loss of neurogenesis in adult mice altered hippocampal-dependent behaviors or changed electrophysiological responses within the hippocampus. Our results demonstrate a specific impairment in contextual fear conditioning and a loss of long-term potentiation (LTP) in the DG after ablation of neurogenesis. These findings show that new neurons make an essential contribution to a subset of hippocampal functions.
Results

Ablation of Neurogenesis Impairs Contextual Fear Conditioning.
We have previously shown that a series of low-dose X irradiations targeted to the hippocampus of adult mice produces a lasting ablation of neurogenesis in the DG, while sparing cell proliferation in surrounding brain areas including the subventricular zone (4, 9) . Although brain irradiation can induce a rapid inflammatory response, evidenced primarily by an increase in activated microglia (12, 13) , we have shown that our procedure results in only a transient increase in inflammatory markers that subsides within 2-3 months (9). Therefore, animals were allowed to recuperate from irradiation for 3 months before functional analyses were performed.
Cued and contextual fear learning are forms of Pavlovian conditioning elicited by pairing a neutral conditioned stimulus (CS) with an aversive unconditioned stimulus (US) in a distinctive context. Acquisition of the CS-US association is known to require the amygdala (14, 15) , whereas acquisition of a context-US association usually requires both the hippocampus and amygdala (16, 17) . Sham and irradiated mice were trained in a cued conditioning protocol 3 months after x-ray treatment ( Fig. 1 A-C ). Fig. 1D shows that irradiation did not alter freezing either before or during the CS in the cued conditioning test, suggesting that amygdala function is not grossly impaired by this procedure. However, irradiated mice froze significantly less than shams in the test of context-elicited fear (Fig. 1E ).
The fact that tone-elicited freezing was normal in irradiated mice suggests that the deficit in context-elicited freezing was not caused by an impairment in the motor control of freezing or a reduction in shock sensitivity. We also sought to confirm that the reduction in context-elicited freezing in these animals was not caused by a general reduction in anxiety-like behaviors. Therefore, irradiated and sham mice were subjected to two tests of anxiety-like behavior: the elevated-plus maze and the light-dark choice task. Each test examines the exploratory behavior of animals within an apparatus that contains anxiogenic areas. The number of entries and time spent in the anxiogenic areas are increased by treatment with classical anxiolytic drugs (18) (19) (20) . As shown in Fig. 4 A-C, which is published as supporting information on the PNAS web site, there was no effect of irradiation on activity in either the open versus closed arms (elevated-plus maze) or the light versus dark compartments (light-dark choice task). Spatial Memory Is Normal in Irradiated Mice. The performance of sham and irradiated mice was compared by using several water maze tasks: the visible and hidden platform tasks and the delayed matching-to-place task (21, 22) . As shown in Fig. 5 A-C, which is published as supporting information on the PNAS web site, irradiation resulted in no detectable impairments in either the visible platform task or the training phase of the hidden platform task, which assesses the ability to use extra-maze spatial cues to locate a submerged platform. Likewise, sham and irradiated mice displayed similar memory for the hidden platform location in probe trials conducted on the final day of training ( Fig. 5D Left) and 2 weeks after the end of training ( Fig. 5D Right) .
The delayed matching-to-place task assessed the ability to rapidly acquire and reacquire new hidden platform locations. Mice received four trials per day with a new platform location each day. The performance of sham and irradiated mice was compared over a period of 4 weeks. Again no effect of irradiation was observed ( Fig. 5E ). Sham and irradiated mice were also tested in a place recognition task, the Y maze (23) . Mice are allowed to freely explore two arms of a three-armed maze for 10 min and, after a 30-min delay, are returned to the maze with all arms open for a 5-min recognition test. During this test, intact rodents typically make more visits to the novel unexplored arm overall. Fig. 4D shows that novel arm preference was unaffected by irradiation.
Fear Conditioning in Glial Fibrillary Acidic Protein (GFAP)-Thymidine
Kinase (TK) Transgenic (TG) Mice. Because the impairment of contextual fear conditioning was the only significant effect of our irradiation procedure on learning and memory processes, we sought to confirm this result by using an independent method to ablate neurogenesis. TG mice that express herpes virus TK under the regulation of the mouse GFAP promoter were generated as described (24) . TK is expressed by both proliferating and nonproliferating GFAP-positive cells in the brains of these mice; however, delivery of the antiviral prodrug ganciclovir (GCV) only kills proliferating TK-positive cells. Because neurons in the adult hippocampus derive from GFAP-positive progenitor cells, neurogenesis is ablated by chronic delivery of GCV (25, 26) .
To determine whether the impairment in contextual conditioning observed after irradiation was caused by a loss of young neurons, WT and GFAP-TK TG mice were treated with GCV for 6 weeks to ablate neurogenesis and then subjected to the fear conditioning procedure. GCV-mediated ablation of neurogenesis did not alter cued fear conditioning, but produced a significant reduction of freezing during the contextual conditioning test (Fig. 2 ). Similar to our observations in irradiated mice, GCV-treated TG mice displayed normal levels of anxiety-related behaviors in several conflict tests (data not shown).
Neurogenesis-Dependent Plasticity in the DG. The physiological consequences of ablating neurogenesis were examined in two hippocampal subregions that exhibit LTP, the MPP͞DG connection and the Schaffer collateral commissural projections to CA1 (SC͞CA1). In the first experiment, slices derived from mice 3 months after x-ray treatment were used for extracellular recordings. The slope of excitatory postsynaptic potentials (EPSPs) evoked by stimulation of the MPP was examined by placing an extracellular recording electrode in the molecular layer of the upper blade of the DG. Because no difference was detected in either the input-output relationships ( Fig. 6A , which is published as supporting information on the PNAS web site) or paired-pulse depression (Fig. 6B ) in the DG of irradiated animals, we next investigated long-term plasticity in this synaptic connection.
LTP of the MPP͞DG connection has proven difficult to evoke in slice preparations because of the prominent GABAergic innervation of this hippocampal subfield (27) ; yet recent studies in rats have identified a small but stable form of LTP that can be elicited with a 100-Hz stimulation protocol and is disrupted by cranial gamma-irradiation (28, 29) . To confirm these findings in our experimental system, we elicited LTP by using this 100-Hz protocol and compared responses evoked in the DG of sham and irradiated mice. Fig. 3A shows that a stable potentiation of Ϸ15% was observed in sham mice, but was completely absent in irradiated animals. In contrast, stimulation of MPP afferents in the presence of the GABA blocker picrotoxin produced a larger potentiation (Ϸ200%) in the DG that was not affected by irradiation ( Fig. 3B ). These results support previous reports that young neurons in the DG exhibit a lack of GABAergic inhibition and are, therefore, more receptive to the induction of LTP (28) (29) (30) (31) .
To determine whether the effects of irradiation on hippocampal physiology were specific to the DG, we also examined plasticity in the CA1 subfield, a region of the hippocampus that is devoid of neurogenesis in adulthood. We found that sham and irradiated slices displayed similar input-output relationships and paired-pulse facilitation ( Fig. 6 C and D) and robust LTP in the Schaffer͞CA1 synaptic connection induced by a similar 100-Hz stimulation protocol ( Fig. 3C ). Thus, irradiation does not impair synaptic plasticity in the CA1 region but completely abolishes LTP evoked in the DG. We next sought to confirm these findings by repeating the above experiments by using the genetic model of ablation.
WT and GFAP-TK TG mice were treated with GCV for 6 weeks before we collected hippocampal slices for extracellular field recordings. Similar to our findings using irradiation, this method of ablating neurogenesis abolished LTP evoked in the DG without picrotoxin (Fig. 3D ). However, no difference in DG LTP was observed between WT and TG mice when picrotoxin was added to the bath solution ( Fig. 3E ). To determine whether the effects of GCV treatment were specific to plasticity associated with young neurons, additional comparisons between GCVtreated WT and TG mice were performed. As shown in Fig. 7 , which is published as supporting information on the PNAS web site, we detected no differences between WT and TG mice in input-output relationships and paired-pulse depression in the MPP͞DG connections or in input-output and paired-pulse facilitation in the Schaffer͞CA1 connections. Finally, LTP in the Schaffer͞CA1 connection was normal in GCV-treated TG mice (Fig. 3F) . Thus, genetically targeted disruption of neurogenesis causes an impairment of LTP within the DG without altering synaptic plasticity in the CA1 subfield, in good agreement with our observations using irradiation. It is noteworthy that, after induction of LTP in the DG, posttetanic potentiation is significantly reduced in irradiated mice, but not in GCV-treated TG mice. It is possible that this difference is because the loss of neurogenesis is not as profound in TG mice when compared with irradiated mice. Alternatively, non-neurogenesis-dependent mechanisms may contribute to the posttetanic potentiation changes observed in irradiated mice.
Discussion
New Neurons Contribute to LTP in the DG. Recent studies have identified a form of DG LTP that can be elicited in the absence of GABA A blockers and is disrupted by gamma irradiation (28, 29) . In keeping with these results, we observed a small but stable LTP in response to stimulation of the MPP that did not require the use of GABA blockers. The fact that this LTP was abolished by both of our ablation paradigms indicates that it requires neurogenesis. In contrast, LTP evoked in the presence of a GABA blocker was larger in magnitude and, importantly, was not altered by ablation of neurogenesis.
Single-cell recordings have demonstrated that young neurons are more excitable than mature granule cells because of properties such as an elevated resting membrane potential, high input resistance, and low-threshold calcium channel expression (29, 31) . In addition, young neurons (2-4 wk old) are not inhibited, and can in fact be depolarized, by GABAergic activity (30, 32) . These properties may explain why young granule neurons are more receptive to the induction of LTP. We suspect that in the presence of GABA blockers both young and mature neurons are recruited, resulting in a larger LTP. In this case, LTP is not affected by ablation because the new neurons represent only a small fraction of the total number of granule cells responding to stimulation (33) or, alternatively, because the excitatory influence of GABA on new neurons is blocked.
Role for Hippocampal Neurogenesis in Contextual Fear Conditioning.
As in the case of the electrophysiological studies, we examined animal behavior after ablation of neurogenesis with two different strategies. Although we found no deficit in spatial learning or memory as assessed in several water maze paradigms or in novel place recognition in the Y maze, each ablation method produced a significant impairment of contextual fear conditioning. The effect of ablation was specific to contextual fear conditioning because conditioned responses to the tone alone were not altered. Moreover, the reduction in context-elicited freezing does not appear to arise from reduced basal levels of anxiety or fear, as we observed no differences in classic tests of anxiety-like behaviors such as the elevated-plus maze or lightdark choice task.
Our finding of impaired contextual fear conditioning conflicts with previous studies reporting a reduction in hippocampaldependent trace conditioning after ablation of neurogenesis by systemic antimitotic treatment in rats (5) , but no change in contextual conditioning (6) . Our results also conflict with a report that whole-head irradiation in rats impairs long-term memory in the water maze (10). One explanation for the discrepancies may be the greater spatial specificity of our ablation method. Another possibility is that the behavioral significance of neurogenesis differs between mice and rats. However, a recent study reported that contextual fear conditioning was impaired in rats after whole-head gamma irradiation (11) . Integrating these findings will require further information on whether extrahippocampal neurogenesis impacts these tasks and how subtle methodological variations in the tasks might impact their neurogenesis dependence.
It is intriguing that ablation of hippocampal neurogenesis reduced contextual fear conditioning but did not affect performance in spatial maze tasks that are also known to be sensitive to hippocampal lesions. One explanation may come from reports that spatial maze learning and contextual conditioning use different molecular signaling pathways within the hippocampus (34) and, importantly, require different extrahippocampal circuitry. Lesioning the amygdala, for example, does not impair spatial maze learning but disrupts fear conditioning, and activation of the amygdala during strong emotional stimuli like those experienced in fear conditioning can enhance hippocampal-dependent learning (35, 36) . Therefore, one interpretation of our results is that new neurons may influence learning and memory primarily in tasks that involve significant emotional arousal or coactivation of the hippocampus and the amygdala.
An alternative hypothesis is suggested by experiments showing that exposure to novel environments increases GABAergic tone in the DG and facilitates the generation of LTP (37) (38) (39) . Because young neurons are not inhibited by GABA, they may be preferentially recruited under such conditions. If so, the effects of blocking neurogenesis would be largest in tasks that take place in a novel environment. This would explain why loss of neurogenesis impairs context conditioning but not water maze performance because contextual conditioning occurs in a single exposure to a novel environment, whereas learning in the water maze requires repeated exposure to an environment over multiple days. It is also interesting to note that our previous studies have revealed a role for neurogenesis in the behavioral response to antidepressant drugs (4) . The principal test used in these experiments (the novelty-suppressed feeding paradigm) relies on the fear elicited by placement of the animal in a novel environment.
In summary our studies reveal that, under certain conditions, the activity of young neurons may be preferentially recruited over that of mature ones and provide a potential framework for how a small number of new neurons in the DG may impact behavior. Specifically, we hypothesize that certain behaviors, such as contextual fear conditioning, will elicit a form of neurogenesis-dependent plasticity similar to that observed in vitro.
Materials and Methods
Animals. A total of 129͞SvEv age-matched adult male mice (ages 12-25 weeks) purchased from Taconic (Hudson, NY) were used in all experiments with X irradiation. GFAP-TK TG mice (line 7.1) were generated as described (24, 40) . We transferred the GFAP-TK transgene onto a C57͞BL6-BALB͞c mixed background and used 12-to 20-week-old male littermates derived from heterozygote crossings. Mice were housed four or five per cage in a 12-h (06:00-18:00) light-dark colony room at 22°C with freely available food and water.
Drugs. GCV (Roche, Indianapolis, IN) was dissolved in sterile saline at a concentration of 25 mg͞ml and delivered through Alzet (Palo Alto, CA) osmotic minipumps implanted s.c. under anesthesia. An average dose of 10 mg͞kg per day was delivered for Ϸ6 weeks.
Irradiation Procedure. This procedure was performed as described (4).
Morris Water Maze. The water maze procedure (n ϭ 16 per group) consisted of three phases: visible platform training, hidden platform training, and long-term memory testing ( Fig. 5 A and  B) . The pool was 1.7 m in diameter, and during training a circular platform (14.6-cm diameter) was submerged 0.5 cm below the surface of the water in the center of one quadrant of the pool. Data (swim speed, path length, and location) were collected by using a video tracking system (HVS Image, Hampton, U.K.).
During visible and hidden platform training there were four trials per day, with an intertrial interval of 15 min. The start location varied between trials. During the visible platform training (days 1 and 2), the platform location was indicated by a marker rising above the water. In hidden-platform training (days 3-12), the platform location was not marked and thus could only be discerned by using extra-maze cues. Long-term memory for the platform location was assessed in probe trials 2 and 4 weeks after the final hidden-platform training day. On probe trials the platform was removed from the pool, and the mouse was placed into the pool for 60 s. Percent time in each quadrant and number of crossings of the platform location were recorded.
Delayed Matching-to-Place Water Maze Task. A naïve group of mice (n ϭ 15 sham, 14 x-ray) received four trials per day for 16 days (4 days per week) using the pool and (hidden) platform described above. A new platform location was used each day, but within each day the platform location was constant. The start position was varied randomly between trials. In this way, mice were required to learn a new platform location each day. Y Maze. The Y maze consisted of three Plexiglas arms of equal size joined together in a Y configuration. Each arm was 40 cm long and 10 cm wide with 12-cm-high walls. The floor of each arm was of black plastic and the walls were of clear plastic. The apparatus was placed on the floor of the experimental room and illuminated with a 100-W bulb from 200 cm above. A trial consisted of two exposures to the maze. Mice (n ϭ 16 per group) were first allowed to explore two of the three arms for a total of 10 min while the third arm was blocked. Thirty minutes later mice were placed back in the maze for 5 min with all arms open, and the number of entries and time spent in each arm were recorded.
Fear Conditioning. Fear conditioning was conducted in chambers with internal dimensions of Ϸ20 cm wide ϫ 16 cm deep ϫ 20.5 cm high (Med Associates, St. Albans, VT). A house light (CM1820 bulb) mounted directly above the chamber provided illumination. Each chamber was located inside a larger, insulated plastic cabinet that provided protection from outside light and noise. The behavior of mice was recorded by analog (x-ray experiment) or digital (GFAP-TK experiment) video cameras mounted above the conditioning chamber.
To assess freezing, analog videos were scored by an observer using the Stopwatchϩ program (Center for Behavioral Neuroscience, Atlanta, GA). Freezing was defined as the complete absence of motion, including motion of the vibrissae, for a minimum of 0.5 s. Each test session was scored continuously in its entirety. Digital video recordings were analyzed with FreezeFrame software from Actimetrics (Evanston, IL). This software assesses freezing by measuring changes in the intensity of each pixel between successive frames of the video file. We have determined that the scores obtained with this software are highly correlated with the scores assigned by human observers (r ϭ 0.90).
The fear conditioning procedure was conducted over 3 days (Fig. 4A ). On day 1, mice were placed in the conditioning chamber and received pairings between a tone (20 s, 80 dB, 2 KHz) and a coterminating shock (1 s, 0.7 mA). The irradiated and GFAP-TK mice were of different background strains, and pilot studies indicated that it was necessary to use different numbers of tone-shock pairings to produce similar levels of conditioning in the two strains. Therefore, mice in the irradiation experiment received three tone-shock pairings, and mice in the GFAP-TK experiment received five pairings. In both cases, the intertrial interval was variable with a mean of 125 s, and the first tone presentation commenced Ϸ120 s after the mouse was placed into the chamber. All other procedural details were identical between the two experiments. The chambers were cleaned with 70% isopropanol between each set of mice. Each chamber was scented by a paper towel dabbed with mint solution and placed underneath the chamber floor.
On day 2, the procedure and context were changed in several ways to test conditioned fear of the tone CS in the absence of contextual cues associated with shock. The floor and walls of the chamber were covered by white and black plastic inserts; the chamber was scented with limonene; the ventilation fan was not operated; the experimenter wore a different style of gloves; chambers were cleaned with a nonalcohol disinfectant between runs; and mice were kept is a different holding room before testing. Each mouse was placed into the chamber for 5.5 min. The tone was presented twice for 20 s at 120 and 290 s into the session. No shocks were administered. Freezing was scored for the 1 min before the first tone presentation (pretone freezing) and during the 20 s of the first tone presentation (tone-elicited freezing). On day 3, mice were tested for conditioned fear of the training context. The testing procedure and context were identical to those used on day 1, except the CS was not presented. Mice were placed into the chambers for 4 min. The entire session was scored for freezing.
Elevated-Plus Maze. The elevated plus maze was performed as described (41) . . The test was performed in a quiet, darkened room, and the mice were kept in this room at least 1 h before the test. Between each trial, the whole apparatus was cleaned. At the beginning of the test, the mouse was placed in the dark compartment and allowed to freely explore both compartments for 5 min. Ambulation distance and time spent in the dark and the light compartments were recorded.
Electrophysiology. After cervical dislocation of 3-to 4-month-old mice (male), transverse hippocampal slices (400 m) were prepared by using a tissue chopper or a vibratome. The slices were incubated in an interface chamber at 32°C and perfused with oxygenated artificial cerebrospinal fluid containing 119 mM NaCl, 2.3 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26.2 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 11 mM glucose. Slices were allowed to equilibrate for at least 2 h before positioning the electrodes and beginning stimulation.
To record from the DG, the MPP was stimulated by using a WPI (Waltham, MA) stimulation isolation unit and a bipolar tungsten electrode. Evoked potentials were recorded in the molecular layer above the upper blade of the DG by using a glass capillary microelectrode filled with artificial cerebrospinal fluid (tip resistance 1-3 M⍀). Isolation of the MPP was confirmed by assessing paired-pulse inhibition of the MPP͞DG synaptic connection (42) . Input-output curves were obtained after 10 min of stable recordings. The stimulation intensity that produced a 1 ⁄3 maximal response was used for the test pulses and tetanus. After 15 min of stable baseline response to test stimulation (once every 20 s), the ability to elicit LTP was assessed. LTP was induced with a weak stimulation paradigm consisting of four trains of 1 s each, 100 Hz within the train, repeated every 15 s (28) . Responses were recorded every 20 s for 40 or 60 min after LTP induction. In a parallel set of experiments, the artificial cerebrospinal fluid contained 50 M picrotoxin (Sigma, St. Louis, MO) to block GABA A receptor-mediated activity.
To record field EPSPs (fEPSPs) in the CA1 region of the hippocampus, afferent fibers of the Schaffer collateral pathway were stimulated by using a Grass (Quincy, MA) S48 stimulation unit, and recordings were made in the CA1 stratum radiatum. Basal synaptic transmission was determined by plotting the stimulus voltages against the fEPSP slope. The stimulation intensity (0.05 ms in duration) was adjusted to give fEPSP slopes approximately one-third of the maximum. Paired-pulse facilitation was tested by using four different interstimulus intervals (50, 100, 200, and 300 ms) and defined by expressing the second fEPSP slope as a percentage of the first. For LTP experiments, a 15-min baseline was recorded by stimulating every 20 s at the intensity that produced one-third maximum response. LTP was induced by using a 100-Hz stimulation (one train, 1 s in duration), after which responses were elicited once every 20 s at the same stimulation intensity for 60 min.
